Two nodule-specific Rhizobium loti compounds were identified in Lotus tenuis and Lotus pedunculatus nodules induced by strain NZP2037. One, a silver nitrate-positive cation called rhizolotine, has been characterized as the riboside of a novel alpha-hydroxyniino acid containing a 1,4,5,6-tetrahydropyrimidine ring (G. plasmid-cured derivative of NZP2037. These results would suggest that infection and bacterial release from the infection thread are necessary for nodule (symbiotic) synthesis of these compounds.
Two nodule-specific Rhizobium loti compounds were identified in Lotus tenuis and Lotus pedunculatus nodules induced by strain NZP2037. One, a silver nitrate-positive cation called rhizolotine, has been characterized as the riboside of a novel alpha-hydroxyniino acid containing a 1,4,5,6-tetrahydropyrimidine ring (G. J. Shaw [180] [181] 1986) , and the other, yellow-i, stains yellow with ninhydrin. Both compounds were degraded by R. loti NZP2037 but not by strains of Rhizobium meliloti, Rhizobium trifolii, or Agrobacterium tumefaciens. Under the conditions tested neither compound was able to serve as a sole source of C or N for growth of R. loti NZP2037. Rhizolotine and yellow-i were found in nodules from a range of different legumes inoculated with NZP2037, suggesting that the Rhizobium and not the host plant determines their synthesis. Neither compound was found in nodulelike structures of L. pedunculatus induced by transposon TnS-induced noninfectious (Inf-) mutants of NZP2037 or in similar structures induced by a transconjugant of NZP2037 containing the symbiotic (Sym) cointegrate plasmid pPN1 of R. trifolii. Both compounds were also absent in the ineffective nodules induced by the bacterial-release-negative (Bar-) mutant, strain PN239. However, both compounds were present in nodules induced by the fixation-negative (Fix-) mutant PN235 and in Fix' nodules formed by a plasmid-cured derivative of NZP2037. These results would suggest that infection and bacterial release from the infection thread are necessary for nodule (symbiotic) synthesis of these compounds.
In addition to the common amino acids, leguminous nodules contain a number of unusual amino acids (5, 6) . The synthesis of some of these unusual amino acids in Lotus spp. (5) and a range of other leguminous species (6) was found to be Rhizobium strain dependent. Recently, the structures of two unusual amino acids from Lotus tenuis nodule hydrolysates were reported (18, 19) . One compound, 2,4-diamino-3-methylbutanoic acid, was identified in L. tenuis nodules induced by Rhizobium loti NZP2227 and NZP2238 (19) , and the other, 2,3-diaminobutanoic acid, was present in large amounts in nodules induced by R. loti NZP2213 (18) . Analysis of nodule hydrolysates from a range of legumes inoculated with these R. loti strains showed that the synthesis of both compounds was strain specific and that in L. tenuis nodules induced by R. loti NZP2227, about 75% of the 2,4-diamino-3-methylbutanoic acid was found in the bacteroid fraction (20) . This work suggests that the Rhizobium strain and not the host plant determines that synthesis of these compounds.
The Rhizobium-induced synthesis of nodule-specific compounds is analogous to the synthesis of opines in Agrobacterium tumefaciens-induced crown gall tissue (16, 22, 23) and Agrobacterium rhizogenes-induced hairy root tissue (7, 11, 23) . The utilization of opines by Agrobacterium spp. as sources of C or N for growth (reviewed in references 12 and 16), together with the fact that these compounds promote the transfer of the Ti plasmid (3, 8, 13) , has led to the proposal by Tempe and others (7, 11, 12, 22, 23) (14) , and at 8 weeks after inoculation nodules were harvested and stored at -60°C.
Screening of nodules for nodule-specific compounds. In screening for the presence or absence of nodule-specific compounds, three to six nodules were extracted in 3 volumes of boiling 80% ethanol, and the debris was separated by centrifugation. The supernatant was taken to dryness and then suspended in 25 ,ul of H20. A 10-,ul sample of this was separated by high-voltage electrophoresis as described below and stained for the appropriate compound.
Extraction and purification of nodule-specific compounds. L. tenuis nodules (30 g) were extracted in 3 volumes (vol/wt) of boiling 80% ethanol, and the extract was filtered through Whatman no. 1 (25) or 1% (wt/vol) ninhydrin to locate the position of each compound. Rhizolotine (21) , with an Rf of 0.2 relative to orange G, stained positive with silver nitrate, whereas the second'nodule-sp,ecific compound, referred to here as yellow-1, stained yellow with ninhydrin and had an Rf of 0.9. The bands containing each of these compounds were cut from the electrophoretogram and eluted with distilled H20. The purity of the samples was checked by further electrophoresis. Rhizolotine was rechromatographed twice before being crystallized from methanol. Yellow-1 was further purified by high-voltage electrophoresis for 1 h in a pyridineacetic acid-H20 (10:0.4:100, vol/vol/vol), pH 6.5, buffer system, eluted from the paper with distilled H20, and evaporated to dryness. The concentration of the compounds in L. tenuis nodules ranged from 0.05 to 0.5% of the fresh weight of the nodules analyzed.
Tests for utilization of nodule-specific compounds. Cultures (5 ml) of R. loti were grown for 2 days at 28°C in TY medium, harvested by centrifugation, and washed twice with distilled 100 ,ug of pure compound or, for the initial screening, the basic fraction from the Amberlite ion-exchange column. Cells were incubated at 28°C with shaking (150 rpm) for 5 days and then harvested. Cell counts were determined at the beginning and end of the experiment by plating dilutions on S10 medium, and cell-free supernatants were analyzed for rhizolotine and yellow-1 by high-voltage electrophoresis at pH 2.1 and staining as described above. In testing for utilization of the compounds as carbon or nitrogen sources, pure compound was used to replace the mannitol or (NH4)2SO4 in S30 defined medium.
RESULTS
Identification of nodule-specific R. loti compounds. Ethanolic extracts of L. pedunculatus (Fig. 2) and Lotus tenuis (Table 2 ) nodules induced by R. loti NZP2037 contained two compounds that were not found in nonnodulated root tissue or in cultures of R. loti grown in the presence or absence of L. pedunculatus seed exudate. One compound, rhizolotine ( Fig. 2A) , stained positive with silver nitrate and has been chemically characterized (21) . The other compound was ninhydrin positive (staining yellow, Fig. 2B) Purified rhizolotine and yellow-1 at concentrations of 1.45 (5 mM) and 1.5 mg/ml, respectively, were tested as sole carbon and nitrogen sources in S30 defined medium lacking either mannitol or (NH4)2SO4, respectively. Rhizolotine was degraded by R. loti NZP2037 when present as the sole carbon (Fig. 3, lane 1 ) or sole nitrogen (Fig. 3, lane 5) source, but this was not the case with R. loti NZP2213 (Fig. 3 , lanes 2 and 6), R. trifolii NZP561 (Fig. 3, lanes 3 and 7) and R. meliloti NZP4009 (Fig. 3, lanes 4 and 8) . Identical results were obtained with yellow-1. However, under these growth conditions neither compound was able to support growth of R. loti NZP2037, as measured by plate counts. No breakdown of rhizolotine (Fig. 3) or yellow-1 was observed when each was incubated in S30 medium alone for a 5-day period at 28°C
Synthesis of nodule-specific compounds by R. loti symbiotic mutants. Extracts of nodules and nodulelike structures of L. pedunculatus induced by various symbiotic mutants of R. loti were examined for the presence of rhizolotine and yellow-1. Neither compound could be detected in the nodulelike structures induced by the Inf mutants; strains PN234, PN236, PN237 and PN238 (Table 3) , or in the Barmutant PN239 (Table 3) , even when a vast excess of nodule extract was examined after high-voltage electrophoresis at pH 2.1. In contrast, both compounds were found in the Fixstrain PN235 (Table 3) . Identical results were obtained for strains PN235 and PN239 when tested on L. tenuis. Both compounds were also absent from the nodulelike structures induced by the NZP2037 transconjugant, strain PN225, containing the symbiotic plasmic pPN1 from R. trifolii (Table 3) . 
DISCUSSION
Two nodule-specific R. loti compounds were identified in Lotus nodules. One, rhizolotine, has recently been characterized as the riboside of a novel alpha-hydroxyimino acid containing a 1,4,5,6-tetrahydropyrimidine ring (21) . The aglycone of rhizolotine is similar in structure to ectoine, which was recently isolated from a halophilic bacterium of the genus Ectothiorhodospira (4) . The structure of the other compound, yellow-1, is still unknown. The fact that both compounds were found only in the nodule and not in nonnodulated root tissue or in free-living cultures of R. loti suggests that the synthesis of both compounds is symbiotically controlled.
Recent work has shown that an alfalfa seed exudate will induce the expression of a nodC-lacZ protein fusion (9) , suggesting that expression of some of the early nod genes is controlled by a host factor. However, the addition here of Lotus seed exudate to cultures of R. loti NZP2037 did not result in detectable synthesis of rhizolotine or yellow-1. Identification of both compounds in nodules from a range of different legumes all inoculated with R. loti NZP2037 ( Table   TABLE 3 2) would suggest that the bacterium and not the host determines their synthesis.
The fact that the synthesis of both compounds is confined to the symbiosis is similar to the situation found with the synthesis of opines in Agrobacterium-induced crown gall and hairy root tissue (reviewed in reference 23). However, under the conditions tested here, neither rhizolotine nor yellow-1 was utilized as a C or N source for growth of R. loti NZP2037, even though both were degraded by this strain (Fig. 3) . This result was surprising, especially for rhizolotine, for which one of the expected degradation products would be ribose, which can serve as a good C source for growth of NZP2037 in an S30-based medium (unpublished results). Both compounds were absent in extracts of nodules and nodulelike structures of L. pedunculatus induced by various symbiotic mutants of R. loti. The most likely explanation for this is that rhizobial infection and release into the plant cell, but not necessarily N2 fixation (cf. PN235, Table  3 ), are necessary before the pathways involved in the synthesis of these compounds are switched on. This is supported by the fact that the L. pedunculatus nodulelike structures induced by the R. loti NZP2037 transconjugant containing the R. trifolii symbiotic plasmic pPN1, which is known to suppress the nodulation ability of R. loti NZP2037 (15), did not contain rhizolotine or yellow-1 ( Table 3 ). The ability of the plasmid-cured derivative strain PN4010 to induce the synthesis of both rhizolotine and yellow-1 as well as to degrade both compounds suggests that neither function is plasmid encoded. However, unlike other Rhizobium strains, the plasmids found in R. loti also lack genes for nodulation (nod) (2) and nitrogen fixation (nif) (10) .
To date, attempts to isolate an R. loti Tn5-induced mutation in a gene involved in the biosynthesis of either rhizolotine or yellow-1 have been unsuccessful, but further screening is in progress with the aim of isolating and characterizing the genes involved in this symbiotically controlled pathway.
